Background. Maternal immunization against pertussis is currently recommended after the 26th gestational week (GW). Data on the optimal timing of maternal immunization are inconsistent.
Decades after the introduction of pertussis vaccines, infant pertussis-related hospitalizations and deaths persist and have even increased in countries with high immunization rates [1] [2] [3] [4] . Indeed, pertussis has the highest disease burden in infants aged <3 months [3, 4] . As pertussis vaccines are licensed for use only after 6 weeks of age and the first infant dose only confers partial protection [5] , additional preventive strategies are required for the very young [6] . Efficient cocooning strategies are difficult to implement [7] , and neonatal vaccination has limitations [8] [9] [10] . In contrast, pertussis antibodies of maternal origin are readily transferred to the fetus [11] [12] [13] . For this reason, and in the context of a public health crisis, health authorities recommended the immunization of pregnant women against pertussis [14] [15] [16] . These recommendations were issued between 2011 and 2014, prior to the generation of a high level of evidence on the optimal timing of maternal immunization-and the demonstration of its efficacy [17, 18] . In the United States, maternal immunization was first recommended during "late gestation," after gestational week (GW) 20 [14] . The window was subsequently narrowed to GW 27-36 [15] , a strategy also adopted in the United Kingdom [16] .
Given the paucity of available data on which to issue evidencebased recommendation, Swiss health authorities recommend maternal immunization in the second or third trimester [19] . We designed a prospective observational noninferiority study with the primary aim of determining whether tetanus-diphtheria-acellular pertussis (Tdap) vaccination as early as GW 13-25 elicits noninferior geometric mean concentrations (GMCs) of infant cord blood antibodies against pertussis toxin (PT) and filamentous hemagglutinin (FHA) compared with immunization after GW 25. To maximize our observations' relevance to seroprotection, we quantified antibodies against a genetically inactivated PT whose immunogenicity is closest to that of native PT [20, 21] .
METHODS

Study Design and Objectives
This prospective observational noninferiority nonrandomized controlled study was designed to test the noninferiority of antibody transfer following second-trimester (GW 13-25) vs thirdtrimester (GW ≥26) maternal Tdap immunization by comparing GMCs and expected infant seropositivity rates. Secondary objectives were to define potential differences among populations and the influence of the time interval between maternal immunization and delivery on infant cord GMCs.
The study was funded by the Center for Vaccinology of the University of Geneva and conducted in accordance with International Conference on Harmonisation Good Clinical Practice guidelines. The Ethics Commission of the Canton of Geneva, Switzerland, approved the study protocol (CCER 14-096). All participants provided written informed consent prior to enrollment at the maternity ward of the University Hospital of Geneva.
Study Population
Eligible participants were consenting pregnant women vaccinated with Tdap after GW 13 and delivering after GW 36 at the University Hospitals of Geneva after 15 July 2014. For twin births (n = 7), blood was collected only from the firstborn twin. Exclusion criteria were known or suspected alteration of immune function resulting from immune deficiency or immunosuppressive therapy during the past 3 months, known exposure to pertussis (positive polymerase chain reaction or culture), previous pertussis immunization in the preceding 5 years, and major neonatal malformations. Cord blood samples of 90 neonates of nonvaccinated mothers recruited in a similar study in 2011, prior to maternal Tdap recommendation, were used as negative controls [22] .
Data Collection
A sample of umbilical cord blood (3 mL) was collected immediately after birth and transferred to the Laboratory of Vaccinology of the University Hospitals of Geneva. Samples were centrifuged and aliquoted; sera were frozen at −20°C until assessed. All samples were analyzed by enzyme-linked immunosorbent assay (ELISA) as described previously [21, 23] , using plates coated with genetically inactivated PT or FHA (BioNetAsia) [21] to quantify immunoglobulin G (IgG) serum antibodies. The assays were calibrated using World Health Organization international standards (National Institute for Biological Standards and Control [NIBSC] 06/140), and positive (NIBSC 06/142) and negative (Bordetella pertussis ESR120G, Virion-Serion) controls. The lower limit of detection was 1 ELISA unit (EU)/mL, and the quantification thresholds were set at 5 EU/mL.
To identify potential determinants of vaccine responses and antibody transfer, we collected maternal medical and social histories (including employment resulting in exposure to young children), date of Tdap (Boostrix dTpa, GlaxoSmithKline) immunization, gravidity, parity, and maternal and gestational age at delivery. A socioeconomic status (SES) score was calculated as the sum of maternal educational level (from 6 [primary school] to 1 [higher education]) and paternal profession (from 6 [unskilled labor] to 1 [ profession after graduate studies]; 0 if unknown) as described elsewhere [24] . Neonatal characteristics included birth weight and height, sex, and health status.
Definition of Expected Infant Seropositivity
The antibody concentration required for seroprotection against pertussis is unknown. Given the postulated critical role of anti-PT antibodies against severe infant pertussis [25] , we based our cutoff for expected infant seropositivity on the published anti-PT half-life (36 days) in adults [26] , which was confirmed in infants of mothers immunized during pregnancy [12, 27, 28] . We calculated that birth anti-PT concentrations >30 EU/mL would be associated with seropositivity (antibody persistence >5 EU/ mL) until at least 3 months of age and defined "expected infant seropositivity" accordingly. In the absence of similar data for anti-FHA antibodies, results were only expressed as GMCs and their 95% confidence interval (CI).
Sample Size and Statistical Analyses
The sample size was calculated to show noninferiority, with a margin of 10%, in expected infant seropositivity rates among women immunized in the second vs the third trimester. Postulating that 90% of term neonates born to women immunized in the third trimester would be seropositive up to 3 months and assuming balanced groups, a 1-sided risk α of 2.5%, and a power of 90%, we initially calculated a necessary sample size of 210 women per group. This sample size exceeded the number of patients required to show noninferiority in the anti-PT GMC ratio (133 women per group, assuming a third-trimester GMC equal to 17.3 [13] ). Ultimately, however, the paucity of women immunized in the second trimester led to a final inclusion of 122 women in this group. Given uncertainties on the required minimal sample size and the wish to avoid introducing potential pertussis exposure bias, recruitment was eventually terminated on 30 May 2015. A 95% CI of the GMC ratio above 0.67 determined GMC noninferiority in the second trimester group. Similarly, noninferiority was reached if the 2-sided 95% CI around the difference in expected infant seropositivity rates (second minus third trimester) was entirely above −10%, or equivalently if the 2-sided 95% CI around the odds ratio (OR) was entirely above 0.44.
Descriptive analyses were performed to identify potential differences between the 2 study groups using the Mann-Whitney, Student t, Fisher exact, and χ 2 tests. The association between trimester of immunization and the GMCs of anti-PT and anti-FHA
were assessed with the base-10 logarithm function (log) and compared between study groups. Linear regression models were used with adjustment for characteristics that were either unbalanced among the 2 groups or could potentially impact maternal vaccine responses to assess associations. As the titers were not normally distributed, they were transformed with the base-10 logarithm function. The regression coefficients were then backtransformed and expressed as ratios of GMCs. The normality of the distribution of residual was visually inspected. In addition to the differences in antibody GMCs, expected infant seropositivity was assessed via logistic regression. The logistic model's goodness of fit was tested using the Hosmer-Lemeshow test.
To assess the influence of the timing of maternal vaccination on birth GMCs and expected infant seropositivity rates, we performed multivariate regression analyses to calculate adjusted GMC ratios/ ORs for various intervals of GW at vaccination (GW 13-16, 17-21, 22-25, 26-29, 30-33, 34-36, 37-38, and 39-41). Results are displayed as reverse cumulative distribution curves.
A P value <.05 was considered statistically significant. Stata software version 13 (StataCorp) was used for all statistical analyses.
RESULTS
Study Population
Ultimately, we enrolled 335 pregnant women immunized with Tdap and delivering term newborns between 15 July 2014 and 30 May 2015 (Supplementary Figure 1) ; 213 of 335 (64%) were immunized during the third trimester and 122 of 335 (36%) during the second. At baseline, the 2 groups differed significantly only with regard to parity and 2 SES scores (Table 1) . 
Influence of the Time Interval Between Vaccination and Delivery
We next assessed the influence of the interval between vaccination and delivery. Cord sera of 90 offspring born to nonimmunized women [22] were used as controls for the 68 newborns whose mothers were immunized <2 weeks prior to delivery. Valid ELISA results were obtained for 69 (anti-PT) and 51
(anti-FHA) samples. Cord blood anti-PT GMCs (9.9 EU/mL [95% CI, 7. Figure 2B ). The 68 neonates born <15 days after maternal immunization were thus used as surrogates for a nonvaccinated reference group in multivariate analyses. Antibody concentrations markedly increased with intervals >14 days, reaching optimal GMCs (Figure 2 ) with intervals between 30 and 120 days. Unexpectedly high GMCs were observed in neonates of 37 women immunized >150 days prior to delivery. To further assess the impact of the timing of maternal immunization, we calculated neonatal GMCs by gestational age at maternal Tdap immunization. Similar neonatal anti-PT and anti-FHA GMCs were observed following immunization between GW 13 and 33 (Table 3) . Calculating the expected waning of anti-PT antibodies confirmed that immunization between GW 13 and 33 should confer seropositivity (anti-PT >5 EU/mL) to all infants up to 3 months of age.
Univariate (Supplementary Table 1 ) and multivariate (Table 4) analyses assessed the impact of various factors on antipertussis immunity; gestational age at maternal Tdap immunization was the only significant predictor identified.
Expected Infant Seropositivity Rates
Seropositivity was frequent: Anti-PT antibodies were >5 EU/mL in 119 of 122 (98%) vs 182 of 213 (86%) neonates after secondvs third-trimester immunization, respectively (P < .001; data not shown). The seroprotection rate reached 80% (97/122) and 55% (116/213) (P < .001) after second-and third-trimester immunization, respectively (Figure 1 ). This 25% [95% CI, 14.8%-35.6%] difference in seroprotection rates not only reached noninferiority criteria for second-trimester immunization but demonstrated Abbreviations: CI, confidence interval; EU, enzyme-linked immunosorbent assay units; FHA, filamentous hemagglutinin; GMC, geometric mean concentration; PT, pertussis toxin. a Infant seropositivity defined as birth anti-PT >30 EU/mL. superiority (P < .001). The unadjusted OR for neonatal seroprotection after second-vs third-trimester immunization was 3.2 ([95% CI, 2.0-5.4]; P < .001), similar to the adjusted OR (3.7 [95% CI, 2.2-6.5]), thus further supporting a conclusion favoring second-trimester immunization (P < .001). The ORs for other factors are shown in Table 2 . As our cutoff for expected infant seropositivity was extrapolated, we conducted sensitivity analyses by modifying the limit of cord blood anti-PT antibodies to >20 EU/mL and >10 EU/ mL. This did not eliminate the superiority of second-trimester immunization (>20 EU 
DISCUSSION
This study revisits the important question of the optimal timing of maternal pertussis immunization for antibody transfer. Designed as a noninferiority study given the expectation of lower GMCs and expected infant seropositivity rates following second-trimester maternal Tdap immunization [13] , its results indicate, rather, the superiority of earlier immunization: GMCs and expected infant seropositivity rates were significantly higher following second-vs third-trimester immunization, even after adjustments.
Defining the optimal timing for maternal immunization is critical: The half-life of antipertussis antibodies is short [26] and seroprotection should be extended as long as possible [5] . It is well established that infants may be protected against pertussis via the transplacental transfer of maternal antibodies [17, 18, 29] . Anti-PT antibodies are considered crucial for protection against severe infant pertussis [25] , although titers required for protection are undefined. These antibodies rapidly wane after delivery [12, 27, 28] ; strategies are thus needed to maximize their maternofetal transfer. Antibody transfer [30] occurs during the second and third trimester [31] , resulting in a higher neonatal/maternal GMC ratio at term (1.5-1.7) [32, 33] than at GW 32-33 [34, 35] . Early observational studies suggested that higher birth titers were elicited by immunizing after GW 25, leading to the recommendation of the GW 26-36 window [15, 16] . Recently, a small observational study including 60 neonates reported higher anti-PT and anti-FHA antibody concentrations following immunization at GW 27-30 compared with beyond GW 31 [36] . However, the observation of higher infant anti-PT and anti-FHA concentrations following immunization at GW 13-25 rather than after GW 26 was entirely unexpected.
The finding that immunization in early pregnancy results in higher cord blood GMCs is in apparent contradiction with the observed progressive increase of IgG transfer efficiency in late gestation [30] [31] [32] [33] [34] [35] . It suggests that a prolonged maternofetal transfer cumulatively results in a higher amount of transferred IgG than a shorter exposure at the time of peak transfer efficacy (GW 32-33). Although unexpected, this is in accordance with the active, saturable nature of FcRn-mediated transfer [30] . Despite antibody detection with a genetically detoxified PT whose immunogenicity is closest to that of native PT [20, 21] , Abbreviations: CI, confidence interval; EU, enzyme-linked immunosorbent assay units; FHA, filamentous hemagglutinin; GMC, geometric mean concentration; OR, odds ratio; PT, pertussis toxin; SES, socioeconomic status [24] ; Tdap, tetanus-diphtheria-acellular pertussis. a Infant seropositivity defined as birth anti-PT >30 EU/mL. *P < .05, **P < .01, ***P < .001.
seroprotection rates are lower than the first reported vaccine effectiveness [17, 18] . Whether this reflects a contribution of indirect protection remains to be defined. This study has some limitations. First, our study was observational rather than randomized, which may have confounding effects; distinct socioeconomic factors were included in the multivariate analysis to control for potential confounders. Nevertheless, this does not exclude unidentified differences. Second, antibody persistence was not measured in infants but was calculated. Thus, the true magnitude and persistence of antibody titers may differ. All women were immunized with a single Tdap vaccine, which increases homogeneity but prevents us from formally extending our conclusions to other formulations. However, this study has unique strengths: Its unprecedented size was sufficient to enable sensitivity and multivariate analyses, which in turn allowed for a robust finding of superiority despite its noninferiority trial design [37, 38] .
Extending the immunization opportunity window from GW 13 to GW 33 would reduce missed immunization opportunities in many settings and minimize the large proportion of women delivering within only a few weeks after immunization-too early for sufficient antibody transfer. It may even allow preterm infants to benefit from maternal immunization. Whether maternal Tdap should be preferably recommended at GW 13-25 rather than after GW 26 should now be evaluated through randomized controlled trials. In the meantime, we recommend extending the window of maternal immunization to include the second trimester of gestation.
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